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Biomechanical analyses of arboreal locomotion in great apes in their natural 
environment are scarce and thus attempts to correlate behavioural and habitat 
differences with variations in morphology are limited. The aim of this study was to 
investigate the gait characteristics of vertical climbing in mountain gorillas (Gorilla 
beringei beringei) and chimpanzees (Pan troglodytes) in a natural environment to 
assess differences in the climbing styles that may relate to variation in body size. We 
investigated temporal variables (i.e., cycle duration, duty factors, and stride 
frequency) and footfall sequences (i.e., diagonal vs. lateral sequence gaits) during 
vertical climbing (both ascent and descent) in 11 wild mountain gorillas and 
compared these data to those of eight semi-free-ranging chimpanzees, using video 
records ad libitum. Comparisons of temporal gait parameters revealed that large-
bodied mountain gorillas exhibited a longer cycle duration, lower stride frequency 
and generally a higher duty factor than smaller-bodied chimpanzees. While both 
apes were similarly versatile in their vertical climbing performance in the natural 
environment, mountain gorillas most often engaged in diagonal sequence/diagonal 
couplet gaits and chimpanzees most often used lateral sequence/diagonal couplet 
gaits. This study revealed that mountain gorillas adapt their climbing strategy to 
accommodate their large body mass in a similar manner previously found in captive 
western lowland gorillas, and that chimpanzees are less variable in their climbing 
strategy than has been documented in captive bonobos. 
 





Vertical climbing is essential to the locomotor and foraging strategies of great apes 
(e.g., Hunt, 1992a; Remis, 1995; Pilbeam, 2002; Robbins & McNeilage, 2003). 
Records of the frequency of vertical climbing in wild African apes vary depending on 
the species and population studied as well as on differences in habitat structure and 
resource availability (e.g., Tuttle & Watts, 1985; Doran, 1993, 1996; Remis, 1995; 
Crompton et al., 2010). Most studies agree that mountain gorillas (Gorilla beringei 
beringei) are less arboreal than chimpanzees (Pan troglodytes) (Tuttle & Watts, 
1985; Remis, 1998; Hunt, 2004; Crompton et al., 2010; Hunt, 2016) and are thought 
to spend less than 1 % of total locomotor time engaging in vertical climbing (Tuttle & 
Watts, 1985). However, arboreal locomotor behaviors in mountain gorillas have to 
date only been broadly described (e.g., Schaller, 1963; Doran, 1996) and the 
frequency is likely underestimated (Crompton, 2016).  
During arboreal locomotion, and particularly vertical climbing, primates face several 
biomechanical challenges. As substrate inclination increases, the difficulty in 
maintaining stability also increases, and these challenges are greatest on vertical 
supports (Cartmill, 1974; Cartmill, 1985; Preuschoft, 2002). When climbing up 
inclined substrates primates must use their limbs to overcome gravitational force 
(e.g., Hirasaki et al., 1993, 2000; Preuschoft, 2002; Hanna et al., 2017), while a 
shear force acts against the direction of movement (Preuschoft, 2002). The higher 
forces that are required for propel the body upwards, together with the shift in body 
weight towards the hind limbs, increases the risk of toppling backwards if an animal 
is not able to make secure substrate contact (e.g., Cartmill, 1974; Preuschoft & 
Witte, 1991; Preuschoft, 2002). Primates typically must use their hands/forelimb (to 
pull) and feet/hindlimb (to push) to generate greater propulsive forces as substrate 
incline increases (Hirasaki et al., 1993; Hanna et al., 2017), although smaller 
primates (<1 kg) show greater versatility in limb use (Hanna et al. 2017). In contrast, 
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when descending an inclined or vertical substrate, greater braking may be applied to 
resist acceleration (e.g., Cartmill, 1985; Preuschoft, 2002). Heavier animals will, 
typcially, exhibit a prolonged support phase or higher duty factor (i.e., increased limb 
contact with the substrate) during vertical climbing to increase stability, enabling a 
more cautious movement (e.g., Cartmill, 1974; Cartmill & Milton, 1977). On vertical 
supports, primates overcome some of these biomechanical challenges by using 
powerful grasping and adapting their forelimb and hand posture (Hunt et al., 1996; 
Hirasaki et al., 2000; Isler, 2005; Nakano et al., 2006). For example, recent work has 
found that mountain gorillas and chimpanzees generally use the same hand grips, 
power grips and diagonal power grips, as well as similar forelimb postures on vertical 
supports of a similar size, which is consistent with their general similarity in hard and 
soft tissue morphology of the hand and forelimb (Neufuss et al., 2017). 
Attempts to correlate variations in African ape morphology (e.g., hand or limb 
proportions, body mass) with behavioral and habitat differences are limited because 
kinematics (e.g., movement of body segments, gait parameters) of arboreal 
locomotion, such as vertical climbing, are scarce especially in the wild. A few studies 
have investigated the spatio-temporal parameters and gait characteristics of vertical 
climbing in apes and other primates, all of which have been conducted in captivity 
(Hirasaki, Kumakura & Matano, 1993, 2000; Isler 2002, 2003, 2005; Isler & Grueter, 
2006; Schoonaert et al., 2016). Within great apes, there is only one naturalistic study 
that compared the gait parameters of vertical climbing in rehabilitated and wild 
Sumatran orangutans to captive individuals (Isler & Thorpe, 2003). Captive 
chimpanzee climbing patterns and limb joint kinematics have been briefly described 
(Nakano et al., 2006) but gait parameters of fore-and hindlimbs have not been 
examined. Current knowledge about the spatio-temporal gait chacteristics of gorilla 
vertical climbing stems solely from a captive study of western lowland gorillas 
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(Gorilla gorilla gorilla) using a rope as locomotor support (Isler, 2002). Isler (2002) 
identified key differences in gorilla climbing performance associated with age and 
sex; vertical climbing in an adult male gorilla was characterised by higher duty 
factors, relatively shorter strides and more variable footfall patterns compared with 
adult female gorillas and bonobos. Isler (2002) interpreted these kinematic 
differences as evidence that vertical climbing on a rope was more challenging for 
adult male gorillas due to their larger body mass. However, the vertical climbing 
‘characteristics’ in mountain gorillas and chimpanzees within a natural environment 
have never been investigated, and the potential differences in the climbing 
performance between these two apes that differ significantly in body size (e.g., 
Sarmiento, 1994; Smith  & Jungers, 1997) are not yet known. 
The aim of this study is to provide further insights into the arboreal locomotor 
strategies of mountain gorillas and chimpanzees by describing the temporal gait 
parameters and footfall sequences during vertical climbing (both ascent and 
descent) on differently-sized natural substrates. We predict that vertical climbing of 
large-bodied mountain gorillas will be characterized by longer cycle durations, higher 
duty factors, lower stride frequencies, a higher number of limbs used as support and 
less variable footfall patterns compared to smaller-bodied chimpanzees. More 
specifically, we hypothesize that mountain gorillas will adapt their climbing strategy 
to accommodate their large body mass in a similar manner to that documented in 
captive western lowland gorillas (females 71.0-97.5 kg; males 162.5-175.2 kg across 
G. beringei, G. gorilla, G. graueri; Smith & Jungers, 1997) and, likewise, vertical 
climbing of smaller-bodied chimpanzees will be similar to that of bonobos given their 
generally similar body size (females 33.2-45.8 kg; males 42.7-59.7 kg across P. 




Materials and Methods 
Species and study sites 
Mountain gorillas (Gorilla beringei beringei) were observed in the Bwindi 
Impenetrable National Park (331 km2). Data were collected on one fully habituated 
group of gorillas (Kyagurilo) between October-December 2014 and March-July 2015 
during two fruiting seasons.  
Chimpanzee (Pan troglodytes ssp.) vertical climbing data were collected between 
August-September 2014 on two colonies of semi-free-ranging chimpanzees at the 
Chimfunshi Wildlife Orphanage Trust (CWO), Zambia.  
Data collection 
Vertical climbing for any given individual was divided into ‘sequences’ and ‘limb 
cycles’. A ‘sequence’ was defined as a continued period of climbing behavior. A 
sequence started when the right hindlimb was initially placed in contact with the 
substrate and a sequence ended when the individual stopped vertical climbing. A 
sequence was generally composed of multiple limb cycles. A limb cycle was defined 
as the interval between touchdown of one limb and the subsequent touchdown of the 
same limb (i.e., right foot/ hand to right foot/hand). 
Both apes were filmed ad libitum during vertical ascent and descent climbing using a 
high-definition HDR-CX240E video camera (Sony, Japan) at a frequency of 50 Hz. 
The mountain gorillas were observed for an average of 4hours/day. All gorilla 
climbing sequences were recorded at relatively close range (7 m to ~20 m) on a 
sample of 11 individuals (Table 1). The gorillas had the opportunity to climb on 
differently-sized substrates ranging from lianas (6-10 cm diameter) to extremely 
large tree trunks (>50 cm diameter) (for more details on substrate sizes see Neufuss 
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et al., 2017). A total of eight adult semi-free-ranging chimpanzees were filmed at 
relatively close range (~10 m) (Table 1). Although the chimpanzees climbed in a 
natural environment, the sanctuary is located in a miombo woodland, and thus, 
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Types of vertical climbing 
Two types of vertical climbing have been previously described in relation to substrate 
size (Hunt et al., 1996): (1) when climbing on smaller substrates, such a liana or thin 
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tree, flexion of the elbow helps to elevate the body (‘flexed-elbow’ vertical climbing); 
(2) on larger substrates, such as tree trunks, the elbow is typically extended 
throughout the motion cycle (‘extended-elbow’ vertical climbing). In both mountain 
gorillas and chimpanzees, smaller substrates evoke flexed-elbow climbing while a 
substrate diameter larger than 20 cm is likely to evoke extended-elbow climbing 
(Hunt et al., 1996; Neufuss et al., 2017). 
Analysis of gait characteristics  
The footfall sequence and gait parameters such as cycle duration, duty factor and 
stride frequency were determined by reviewing video sequences frame-by-frame 
using free motion software (Kinovea 0.8.15). Cycle duration (CD) is defined as the 
time between two initial contacts with the substrate (or ‘touchdowns’) by the same 
limb (e.g., Isler 2002, Isler & Thorpe, 2003). The relative duration of the stance 
phase, or duty factor (S), is the fraction of the cycle duration that a particular limb 
contacts the substrate (Hildebrand, 1966). Stride frequency is the number of strides 
per unit of time, or 1/CD (Schoonaert et al., 2016). The limb cycles were classified as 
either symmetrical or asymmetrical gaits according to the timing of footfalls, following 
Hildebrand (1967). Stride symmetry was calculated as the percentage of cycle 
duration separating the time between touchdowns of the right and left hindlimbs 
(Hildebrand, 1966). A cycle was considered symmetrical if the opposing limb’s 
touchdown occurred between 40 % and 60 % of the cycle duration, allowing 
comparisons with results of Isler (2002, 2003, 2005) and Schoonaert et al. (2016). A 
cycle that was outside of this range (i.e., <40 % or >60 %) was considered as 
asymmetrical.  
Symmetrical cycles were then further classified as being either diagonal sequence 
(DS) or lateral sequence (LS) gaits. In a DS gait, hindlimb touchdown is followed by 
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the touchdown of the opposite forelimb (right hindlimb > left forelimb), whereas in a 
LS gait 
the 
ipsilateral forelimb follows (right hindlimb > right forelimb) (Hildebrand, 1966). Limb 
phase (D, also called diagonality) is a quantification of the timing of the footfalls and 
defined as the duration of time between hindlimb touchdown and touchdown of the 
ipsilateral forelimb, expressed as a percentage of the stride cycle (Hildebrand, 1966; 
Cartmill et al., 2002). DS and LS strides can be further subdivided into five 
categories: diagonal couplets (DC), lateral couplets (LC), single foot (SF), pace and 
trot (Hildebrand, 1967) based on the relative timing of touchdown of the limbs (see 
Fig. 1; Table 2). Finally, we further investigated the average number of limbs 
supporting the animal’s body during ascent and descent climbing (i.e., two- vs. three-
limb support). Limb support was categorized as diagonal, lateral, tripedal or 








Table 2 Definitions of gait sequence patternsa and types of limb supportb. 












  aGait sequence patterns defined according to Hildebrand (1967) and btype of limb support                                                       
  follow definitions by Vilensky and Gankiewicz (1989) and Isler (2002). 
 
Statistics 
All statistical analyses were performed using SPSS (IBM SPSS Statistics for 
Windows, Version 24.0). Gait parameters were analyzed using mean values for all 
cycles/individual, so that each individual was contributing only a single observation 
within each condition to ensure independence of data points. Given the small sample 
size for each species, statistical analyses are used here primarily to summarize the 
observed patterns rather than to explicitly test hypotheses. Differences in gait 
parameters between fore- and hindlimbs during vertical ascent vs. descent, including 
flexed- vs. extended-elbow climbing, were assessed with independent-samples t-
tests. Following Isler (2002), significance of inter- and intraspecific (sex classes) 
differences in the gait parameters between gorillas and chimpanzees was tested 
using a one-way ANOVA and a Scheffé’s post-hoc test (ܤ= 0.05). The overall sample 
size was too small to allow more sophisticated statistical tests that would account for 
diagonal couplets (DC) 
                                                          
lateral couplets (LC) 
                                                          
single foot (SF) 
pace 
                                              
trot 
diagonally opposite fore-and hindlimb touchdown at the 
same time 
the footfalls on the same body side are evenly spaced 
in time 
the footfalls of all the limbs are evenly spaced 
the footfalls of the fore- and hindlimb on the same side 
are evenly spaced 
diagonally opposite limbs are evenly spaced in time 




quadrupedal                             
support by either combination of diagonal limbs 
support by either pair of limbs on the same side 
support by any combination of three limbs 
support by all four limbs 
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species, sex, or type of vertical climbing etc. as fixed effects and the individual as a 
random effect. Therefore, results of these statistical analyses should be interpreted 
with caution.  
Results 
We recorded a total of 70 climbing sequences, containing N=120 limb cycles 
(ascent: 97; descent: 23), for 11 mountain gorillas and 37 climbing sequences, 
containing N=80 limb cycles (ascent: 27; descent: 53), for eight chimpanzees (Table 
1).  
 Gait sequence patterns  
Mountain gorillas used DS gaits more often (68%) than trot (18%) and LS gaits 
(14%) during both ascent and descent climbing (Table 3, Fig. 1). Most of these DS 
gaits were further classified as diagonal couplets, followed by lateral couplets and 
single foot. Lateral couplets and LS pace were not observed. Chimpanzees showed 
the opposite pattern, using LS gaits (58%) more often than DS gaits (23%) and trot 
(20%; Table 3; Fig. 1) during both ascent and descent climbing. Most of these strides 
were diagonal couplets and single foot gaits. LS pace was not observed in 
chimpanzees (Fig. 1).  
In mountain gorillas, limb phase was significantly higher (mean: 0.62, SD: 0.08; 
t(17)=3.59, p=0.002) for most limb cycles (20 cycles: 50-59%, 30 cycles: 60-69%, 18 
cycles: 80-89%) than in chimpanzees (mean: 0.46, SD: 0.12; 15 cycles: 20-29%, 21 
cycles: 40-49%, 14 cycles: 30-39%). This difference in limb phase is consistent with 
the more frequent use of DS gaits in mountain gorillas and LS gaits in chimpanzees. 






         
DS: 
diag
onal sequence, LS: lateral sequence, DC: diagonal couplet, SF: single foot, LC: lateral couplet. Note that the total 
number of strides was N=120 in gorillas and N=80 in chimpanzees. In gorillas, the number of DS gaits types was 




Fig. 1. Classification of footfall patterns during symmetrical strides of vertical climbing in 
mountain gorillas (black diamonds) and chimpanzees (grey circles) following Hildebrand 
(1967). The x-axis shows the duty factor, or relative duration of the stance phase in percent 
of total cycle duration. The y-axis shows the delay of the ipsilateral forelimb following 
hindlimb touchdown, as a percentage of total cycle duration. Both mountain gorillas and 
chimpanzees used lateral and diagonal sequence gaits. 
        Diagonal Sequence Gaits 
DS      DC      SF      LC      Pace         Trot       
  Lateral Sequence Gaits 
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Temporal gait parameters  
Table 4 summarizes the mean cycle duration and the relative duration of the support 
phases (i.e., duty factor) of fore- and hindlimbs of mountain gorillas and 
chimpanzees. When comparisons could be made, there were no significant species 
differences in either variable in the gait parameters between fore- and hindlimbs 
during (1) ascent and descent climbing and (2) flexed-elbow and extended-elbow 
climbing (Table 5). Thus, all results were pooled for each species.  
There were no intraspecific significant differences in forelimb or hindlimb cycle 
duration, stride frequency, or duty factor between males and females within both 
gorillas and chimpanzees (Table 6). Interspecifically, however, significant variation 
was found across all gait parameters (Fig. 2, Table 6). Overall, gorillas (i.e., sexes 
pooled) showed a significantly longer cycle duration (mean: 2.7, SD: 0.8; ANOVA, 
F(3)=9.52, MSE=1.45, p=0.001) than chimpanzees (mean: 1.6, SD: 0.3) (Fig. 2). 
Cycle duration was significantly longer in female gorillas (mean: 2.7, SD: 0.9) than in 
female (mean: 1.6, SD: 0.2) and male (mean: 1.3, SD: 0.4) chimpanzees (Table 6). 
In contrast, male gorillas had a significantly longer cycle duration (mean: 2.4, SD: 

















Species Individual  Sex/ 
Age 
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G. b. beringei 
 











































































































































































































































































































































Table 5 Independent-samples t-test of gait parameters between fore- (RF) and hindlimbs (RH) during 

















RF vs. RH during vertical ascent 
cycle duration                stride frequency                  duty factor 
Mountain gorillas  (N=10)  
Chimpanzees (N=3)                        
t(22)=0.21, p=0.834         t(22)=0.16, p=0.871             t(24)=-0.25, p=0.8 
t(4)=-1.71, p=0.873          t(4)=0.00, p=1.00                 t(4)=1.98, p=0.119           
 
Species 
  RF vs. RH during vertical descent 
cycle duration             stride frequency                       duty factor 
Mountain gorillas  (N=4)  
Chimpanzees (N=8)                        
t(8)=-1.4, p=0.194         t(8)=-5.78, p=0.571                 t(8)=0.51, p=0.63 
t(19)=0.35, p=0.728       t(18)=-0.2, p=0.82                  t(14)=-1.53, p=0.88          
Intraspecific cycle duration        stride frequency             duty factor 
female vs. male gorillas  
(N=10)  
p=1.000                       p=0.999                          p=0.566 
female vs. male 
chimpanzees (N=8) 
p= 0.888                      p=0.287                          p=0.811 
Interspecific cycle duration        stride frequency             duty factor 
female gorillas vs. female 
chimpanzees 
female gorillas vs. male      
chimpanzees 
male gorillas vs. female 
chimpanzees 
male gorillas vs. male 
chimpanzees 
p<0.001                      p=0.001                           p=0.002             
                                                                                               
p=0.003                      p<0.001                           p<0.001                  
                                                                                              
p=0.075                      p=0.004                           p=0.040 
                                                                                                 
p=0.005                      p=0.001                           p=0.003 
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The duty factor was significantly higher in gorillas overall (mean: 69 %, SD: 3; 
ANOVA, F(3)=5.71, MSE=53.16, p=0.009) than in chimpanzees (mean: 63 %, SD: 
3.6) (Fig. 2). The duty factor was significantly different between female gorillas 
(mean: 70 %, SD: 3) and female (mean: 63 %, SD: 3) and male (mean: 58 %, SD: 0) 
chimpanzees (Table 6). Similarly, male gorillas showed a significantly higher duty 
factor (mean: 69 %, SD: 2.9) than female and male chimpanzees (Table 6). In both 
apes, the duty factor was most frequently between 60-69 % (gorillas: 65 limb cycles; 
chimpanzees: 42 limb cycles), but in gorillas the duty factor was higher for more limb 
cycles (36 limb cycles: 70-79 %, 8 cycles: 80-89 %) than in chimpanzees (18 limb 
cycles: 70-79 %) (Fig. 2).  
The stride frequency was significantly lower in gorillas overall (mean: 0.40, SD: 0.11; 
ANOVA, F(3)=22.16, MSE=0.12, p<0.001) compared to chimpanzees (mean: 0.65, 
SD: 0.13) (Fig. 2). Interspecific differences showed that female gorillas exhibited a 
significantly lower stride frequency (mean: 0.38, SD: 0.12) than female (mean: 0.62, 
SD: 0.14) and male chimpanzees (mean: 0.78, SD: 0.04). Male gorillas similarly had 
a significantly lower stride frequency (mean: 0.43, SD: 0.03) than female and male 
chimpanzees (Table 6).  
The average number of supporting limbs was not significantly different between 
gorillas (ascent: 2.7, SD: 0.4; descent: 2.4, SD: 0.05) and chimpanzees (ascent: 2.6, 
273 SD: 0.3; descent: 2.4, SD: 0.1), with both apes using on average three limbs as 






Fig. 2. Box-and-whisker plots of interspecific variation in forelimb cycle duration, duty factor 
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         cycles (100%) 





















































































































































































































































































This study provides the first description of gait characteristics in mountain gorillas 
and chimpanzees during vertical climbing in a natural environment. These new data 
provide a broader comparative context to understand variation in primate locomotion 
in general, and particularly the biomechanical adaptations for vertical climbing in 
large-bodied primates. Our study found support for the hypothesis that, due to 
variation in body size, gait characteristics (i.e., temporal gait parameters, footfall 
sequences and limb support pattern) of vertical climbing differs between larger-
bodied mountain gorillas and smaller-bodied chimpanzees. However, due to limited 
sample sizes in the analysis, we caution that any species differences (or intraspecific 
similarities) found in this study need to be validated on larger samples and perhaps 
on more varies natural substrates. Firstly, we found no intraspecific sex differences 
within the temporal gait parameters in mountain gorillas or chimpanzees (Table 6). 
Male and female gorillas showed similarly high duty factors when their hands 
contacted the substrate (female mean: 70 %; male mean: 69 %), suggesting that 
ascent and descent climbing as well as flexed-elbow and extended-elbow climbing 
are similarly mechanically challenging for both sexes, despite their large variation in 
body mass (e.g., Schultz, 1934; Sarmiento, 1994; Smith & Jungers, 1997). However, 
a larger sample size on male individuals is needed to clarify whether mountain 
gorillas differ more between the sexes during vertical climbing than is found in this 
study.   
As predicted, mountain gorillas and chimpanzees showed striking differences in their 
temporal gait parameters, with gorillas having significantly longer cycle duration, 
higher duty factor and lower stride frequency than chimpanzees (Table 6). The 
higher duty factor of the mountain gorilla’s forelimb indicates that the gorilla’s hand is 
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held in contact with the substrate for longer compared to chimpanzees. Forceful 
hand grips and the use of variable thumb postures relative to substrate size are, 
therefore, likely particularly important in large-bodied mountain gorillas (Neufuss et 
al., 2017), as they face greater biomechanical challenges during vertical climbing 
than smaller-bodied chimpanzees. The lower cycle duration and stride frequency 
combined with longer contact times, represents a more cautious and stable climbing 
strategy of mountain gorillas, which would increase safety when traversing unfamiliar 
or irregular substrates in an arboreal environment (Pontzer & Wrangham, 2004), as 
well as likely reduce energetic costs as found in other climbing primates (Isler, 2003; 
Isler & Thorpe, 2003; Hanna & Schmitt, 2011). Indeed, several studies have 
indicated that arboreal great apes display energy-saving adaptations in their 
locomotion to cope with their large body mass in an energetically challenging 
environment (Thorpe, Crompton & Alexander, 2007; Pontzer et al., 2010). An 
interspecific comparison between western lowland gorillas and bonobos, as well as 
between juvenile and adult gorillas and orang-utans, supports both suggestions on 
climbing safety and energy-saving adaptations (Isler, 2002, 2005). Further 
investigation of the spatio-temporal gait parameters will show whether mountain 
gorillas also use relative long strides and climb at low speed similar to western 
lowland gorillas (Isler, 2005).  
We also predicted that mountain gorillas would adapt their climbing strategy to 
accommodate their large body mass in a similar manner to that previously described 
in western lowland gorillas (Isler, 2002, 2003) and, likewise, that smaller-bodied 
chimpanzees would show a similar climbing style to that of bonobos (Isler 2002). 
This prediction was only partially supported. 
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Similar to mountain gorillas, Isler (2002) also found high mean duty factors in captive 
western lowland gorillas, although she attributed this in part to their difficulty in 
climbing up a vertical rope (Isler, 2002, 2003). Although all of the chimpanzees in our 
study exhibited comparatively lower mean duty factors like that of bonobos, Isler 
(2002) found that female and male bonobos differed considerably in their gait 
parameters during rope climbing, with females showing a shorter cycle duration and 
lower duty factor than males. Female bonobos could climb at a faster speed while 
the male bonobos would typically climb more slowly, combining long strides with a 
long cycle duration (Isler, 2002). However, a recent study of bonobos climbing a pole 
found similar gait parameters between the sexes (Schoonaert et al., 2016), 
suggesting that a flexible rope may pose a greater locomotor challenge than climbing 
on a rigid support. This is in contrast to climbing in gorillas, where a compliant rope 
or liana might become stiffer in line of action while a gorilla climbs up, using their 
large body mass against the substrate. However, since the sample size for male 
chimpanzees in this study and for female bonobos in Schoonaert et al. (2016) were 
small, a more comprehensive analysis of the spatio-temporal gait parameters in a 
larger sample on different substrate types will clarify whether chimpanzees also 
show the same level of intraspecific variation reported in bonobos (Isler, 2002). 
This study also found that the climbing performance of mountain gorillas is not less 
versatile than that of chimpanzees in a natural environment, but that gorilla 
individuals most often used a different footfall sequence pattern (diagonal sequence 
gaits) compared to chimpanzees (Fig. 2; Table 3). However, at a given duty factor, 
mountain gorillas used a significantly higher limb phase on vertical supports than that 
of chimpanzees, likely leading to an increase in the frequency of simultaneous 
footfalls of diagonally opposite limbs (diagonal sequence-diagonal couplet, DSDC) to 
improve the balancing abilities in the arboreal environment (e.g., Cartmill et al., 2002, 
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2007; Stevens, 2006). By using DSDC gaits, the mountain gorilla hindlimb can touch 
down before the contralateral forelimb to secure a firm foothold on the substrate and 
both limbs can provide body support for part of the gait cycle. Changes in duty factor 
and gait sequence patterns result in a higher proportion of strides with support by 
more limbs at one time on substrates that challenge stability (Stevens, 2006). This 
holds true for our sample of mountain gorillas, which used mainly three limbs as 
body support during vertical ascent (Table 7). This is consistent with the climbing 
strategy documented in western lowland gorillas in captivity, in which they also used 
mainly three-limb support and mostly engaged in trot or DSDC gaits (Isler, 2002). 
However, our sample size on individuals descending substrates was comparatively 
small and thus, results on limb support pattern during vertical descent should be 
interpreted with caution (Table 7). More data on vertical descent climbing will clarify 
whether mountain gorillas also support their body mainly by three limbs as during 
vertical ascent.  
In contrast, smaller-bodied chimpanzees used lateral sequence, and particularly 
diagonal couplet (LSDC) gaits most often, in which the hind foot touches down 
slightly later than the contralateral forelimb and the body is balanced on two 
diagonally opposite limbs. This is perhaps not surprising as it has long been 
acknowledged that either DS or LS gaits can be used in combination with diagonal 
limb couplet support patterns (e.g., Muybridge, 1887; Hildebrand, 1966, 1976). The 
diagonal couplet support enables primates to arrange the limbs as a widely splayed 
diagonal bipod and allows the center of mass to be contained within the base of 
support, reducing the risk of slipping and falling off the support during climbing 
(Cartmill et al., 2002). Similar to our sample of chimpanzees, bonobos also used LS 
gaits more often than lowland gorillas during rope climbing but used two-limb, rather 
than three-limb, supports (Isler, 2002). Bonobo pole climbing showed a similar 
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pattern to our study with a more frequent use of LS gaits than DS gaits (Schoonaert 
et al., 2016). However, the variation in footfall sequences between gorillas and 
chimpanzees suggests that hypotheses (i.e., limb interference avoiding: Hildebrand, 
1980; stability: Cartmill et al., 2002; energetic benefit: Griffin et al., 2004) of primate-
specific DS gait adaptations for arboreal locomotion require further investigation. A 
computer simulation of chimpanzee quadrupedal locomotion found a preference for 
LS/lateral couplet gaits (Sellers et al., 2013). Furthermore, Stevens (2006) showed 
that primates could readily switch between DS and LS gaits on different arboreal 
supports likely because of differences in relative stance and swing phase durations. 
These results suggest that neither DS nor LS gaits offer a particular advantage for 
stability on horizontal (e.g., Shapiro & Raichlen, 2005; Stevens, 2006, 2008) and 
potentially vertical supports. This may reflect the need for most primates to use both 
arboreal and terrestrial substrates and thus, gait flexibility is the key feature of 
primate locomotion rather than the choice of a specific footfall sequence (Stevens, 
2006; Higurashi, Hirasaki & Kumakura, 2009). 
Conclusion 
This quantitative analysis of temporal gait chacteristics of mountain gorillas and 
chimpanzees in a natural environment showed that the climbing style can vary within 
each species. However, further field research and additional laboratory studies on 
more challenging (i.e., differently sized, less stable, irregular surface) supports are 
needed to clarify if captive studies are adequately representative for the patterns 
found in natural environments. Likewise, more work is needed to further characterize 
arboreal kinematic variability and gait choice among a wider range of primates (body 




We thank the Uganda Wildlife Authority and the Ugandan National Council for 
Science and Technology for permission to conduct research in the Bwindi 
Impenetrable National Park, Uganda. We are grateful to the Institute for Tropical 
Forest Conservation (ITFC) in Bwindi for providing logistical support and to all the 
field assistants of ITFC who assisted in the project. We are also very thankful to the 
Chimfunshi Wildlife Orphanage Trust, Zambia, for giving us permission to study their 
sanctuary chimpanzees and particularly I. C. Mulenga for assistance with logistics. 
We thank D. Schmitt for his help with the gait analysis in this study. We also thank 
the Associate Editor and two anonymous reviewers for their helpful comments that 
greatly improved this manuscript. This research was supported by the European 
Research Council Starting Grant #336301 (to TLK and JN) and the Max Planck 
Society (to MR, JB, and TLK).  
References 
Alexander, R.M., Jayes, A.S., Maloiy, G.M.O. & Wathuta, E.M. (1981). Allometry of 
the leg muscles of mammals. J. Zool. 194, 539-552. 
Cartmill, M. (1974). Pads and claws in arboreal locomotion. In Primate Locomotion. 
45-83. Jenkins, Jr F.A. (Ed.). New York: Academic Press.  
Cartmill, M. & Milton, K. (1977). The Lorisiform wrist joint and the evolution of 
“brachiating” adaptations in the Hominoidea. Am. J. Phys. Anthropol. 47, 249-272. 
Cartmill, M. (1985). Climbing. In Functional Vertebrate Morphology. 73-88. 
Hildebrand, M., Bramble, D.M., Liem, K.F., Wake, D.B. (Eds). Cambridge, MA: 
Harvard University Press.  
Cartmill, M., Lemelin, P. & Schmitt, D. (2002). Support polygons and symmetrical 
gaits in mammals. Zool. J. Linn. Soc. 136, 401-420. 
26 
 
Cartmill, M., Lemelin, P. & Schmitt, D. (2007). Understanding the adaptive value of 
diagonal-sequence gaits in primates: a comment on Shapiro and Raichlen, 2005. 
Am. J. Phys. Anthropol. 133, 822-825. 
Crompton, R.H., Sellers, W.I. & Thorpe, S.K.S. (2010). Arboreality, territoriality and 
bipedalism. Phil. Trans. Soc. B. 365, 3301-3314.  
Crompton, R.H. (2016). The hominins: a very conservative tribe? Last common 
ancestors, plasticity and ecomorphology in hominidae. J. Anat. 228, 686-699. 
Doran, D.M. (1996). Comparative positional behavior of the African apes. In Great 
Ape Societies. 213-224. McGrew, W.C., Marchant, L.F. & Nishida, T. (Eds.). 
Cambridge: Cambridge University Press.  
Griffin, T.M., Main, R.P. & Farley, C.T. (2004). Biomechanics of quadrupedal 
walking: how do four-legged animals achieve inverted pendulum-like movements? J. 
Exp. Biol. 207, 3545-3558. 
Hanna, J.B. & Schmitt, D. (2011). Locomotor energetics in primates: gait mechanics 
and their relationship to the energetics of vertical and horizontal locomotion. Am. J. 
Phys. Anthropol. 145, 43-54. 
Hanna, J.B., Granatosky, M.C., Rana, P. & Schmitt, D. (2017). The evolution of 
vertical climbing in primates: Evidence from reaction forces. J. Exp. Biol. doi: 
10.1242/jeb.157628  
Higurashi, Y., Hirasaki, E. & Kumakura, H. (2009). Gaits of Japanese macaques 
(Macaca fuscata) on a horizontal ladder and arboreal stability. Am. J. Phys. 
Anthropol. 138, 448-457. 
27 
 
Hildebrand, M. (1966). Analysis of the symmetrical gaits of tetrapods. Folio. Biotheor. 
6, 9-22. 
Hildebrand, M. (1967). Symmetrical gaits of primates. Am. J. Phys. Anthropol. 26, 
119-130. 
Hildebrand, M. (1976). Analysis of tetrapod gaits: general consideration and 
symmetrical gaits. In Neural control of locomotion. 203-236. Herman, R.M., Grillner, 
S., Stein, P.S.G. & Stuart, D.C. (Eds.). New York: Plenum Press.   
Hildebrand, M. (1980). The adaptive significance of tetrapod gait selection. Am. Zool. 
20, 255-267. 
Hirasaki, E., Kumakura, H. & Matano, S. (1993). Kinesiological characteristics of 
vertical climbing in Ateles geoffroyi and Macaca fuscata. Folia. Primatol. 61, 148-
156. 
Hirasaki, E., Kumakura, H. & Matano, S. (2000). Biomechanical analysis of vertical 
climbing in the spider monkey and the Japanese Macaque. Am. J. Phys. Anthropol. 
113, 455-472. 
Hunt, K.D. (1991). Mechanical implications of chimpanzee positional behavior. Am. 
J. Phys. Anthropol. 86, 521-536. 
Hunt, K.D. (1992). Positional behavior of Pan troglodytes in the Mahale Mountains 
and Gombe Stream National Parks, Tanzania. Am. J. Phys. Anthropol. 87, 83-105. 
Hunt, K.D., Cant, J.G.H., Gebo, D.L., Rose, M.D. & Walker, S.E. (1996). 




Hunt, K.D. (2004). The special demands of great ape locomotion and posture. In The 
evolution of thought: evolutionary origins of great ape intelligence: 172-189. Russon, 
A.E., Begun, D.R. (Eds.). Cambridge: Cambridge University Press.  
Hunt, K.D. (2016). Why are there apes? Evidence for the co-evolution of ape and 
monkey ecomorphology. J. Anat. 228, 630-685.  
Isler, K. (2002). Characteristics of vertical climbing in African apes. Senckenbergiana 
Lethaea 82, 115-124. 
Isler, K. (2003). Footfall patterns, stride length and speed of vertical climbing in 
spider monkeys (Ateles fuscicpes robustus) and wolly monkeys (Lagothrix lagtricha). 
Folia Primatol. 75, 133-149. 
Isler, K. & Thorpe, S.K.S. (2003). Gait parameters in vertical climbing of captive, 
rehabilitant and wild Sumatran orang-utans (Pongo pygmaeus abelii). J. Exp. Biol. 
206, 4081-4096. 
Isler, K. (2005). 3D-Kinematics of vertical climbing in hominoids. Am. J. Phys. 
Anthropol. 126, 66-81. 
Isler, K. & Grueter, C.C. (2006). Arboreal locomotion in wild black-and-white snub-
nosed monkeys (Rhinopithecus bieti). Folia Primatol 77, 195-211. 
Muybridge, E. (1887). Animals in motion. Brown, L.S. (Ed.). (Reprinted in 1957). 
New York: Dover Publications. 
Nakano, Y. (2002). The effects of substratum inclination on locomotor patterns in 
primates. Z. Morphol. Anthropol. 83, 189-199. 
Nakano, Y., Hirasaki, E. & Kumakura, H. (2006). Patterns of vertical climbing in 
primates. In Human origins and environmental backgrounds: 97-104. Ishida, H., 
29 
 
Tuttle, R., Pickford, M., Ogihara, N. & Nakatsukasa, M. (Eds.). New York: Springer 
Publishing.  
Neufuss, J., Robbins, M., Baeumer, J., Humle, T. & Kivell, T.K. (2017). Comparison 
of hand use and forelimb posture during vertical climbing in mountain gorillas and 
chimpanzees. Am. J. Phys. Anthropol. doi: 10.1002/ajpa.23303. 
Pilbeam, D. (2002). Perspectives on the Miocene Hominoidea. In The Primate Fossil 
Record: 303-310. Hartwig, W.C. (Ed.). Cambridge: Cambridge University Press.  
Pontzer, H. & Wrangham, R.W. (2004). Climbing and the daily energy cost of 
locomotion in wild chimpanzees: implications for hominoid locomotor evolution. J. 
Hum. Evol. 46, 317-335. 
Pontzer, H., Raichlen, D., Shumaker, R., Ocobock, C. & Wich, S. (2010). Metabolic 
adaptation for low energy throughput in orangutans. Proc. Nat. Acad. Sci. 107, 
14048-14052. 
Preuschoft, H. & Witte, H. (1991). Biomechanical reasons for the evolution of 
hominid body shape In Origine(s) de la bipedie chez les hominides: 59–77. 
Coppens, Y. & Senut, B. (Eds). Paris: Editions du CNRS.  
Preuschoft, H. (2002). What does “arboreal locomotion” mean exactly and what are 
the relationship between “climbing”, environment and morphology? Z. Morphol. 
Anthropol. 83, 171-188. 
Preuschoft, H. (2004). Mechanisms for the acquisition of habitual bipedality: are 




Rawlings, B., Davila-Ross, M. & Boyson, S.T. (2014). Semi-wild chimpanzees open 
hard-shelled fruits differently across communities. Anim Cogn 17, 891-899. 
Remis, M.J. (1995). Effect of body size and social context on the arboreal activities 
of lowland gorillas in the Central African Republic. Am. J. Phys. Anthropol. 97, 413-
433. 
Remis, M.J. (1998). The gorilla paradox. In Primate locomotion: 95-106. Strasser, E., 
Fleagle, J.G., Rosenberger, A.L. & McHenry, H.M. (Eds). New York: Springer 
Publishing.   
Remis, M.J. (1999). Tree structure and sex differences in arboreality among western 
lowland gorillas (Gorilla gorilla gorilla) at Bai Hokou, Central African Republic. 
Primates 40, 383-396. 
Robbins, M.M. (2001). Variation in the social system of mountain gorillas: The male 
perspective. In Mountain Gorillas: Three Decades of Research at Karisoke: 29-58. 
Robbins, M.M., Sicotte, P. & Stewart, K.J. (Eds.). Cambridge: Cambridge University 
Press.  
Robbins, M.M. & McNeilage, A. (2003). Home range and frugivory patterns of 
mountain gorillas in Bwindi impenetrable national park, Uganda. Int. J. Primatol. 24, 
467-490. 
Sarmiento, E.E. (1994). Terrestrial traits in the hands and feet of gorillas. American 
Museum Novitates 3091, 56. 
Schoonaert, K., D'Août, K., Samuel, D., Talloen, W., Nauwelaerts, S., Kivell, T.L. & 
Aerts, P. (2016). Characteristics and spatio-temporal variables of climbing in 
bonobos (Pan paniscus). Am. J. Primatol. 78, 1165-1177. 
31 
 
Schultz, A.H. (1934). Some distinguishing characters of the mountain gorilla. J. 
Mammal. 15, 51-61. 
Shapiro, L.J. & Raichlen, D.A. (2005). Lateral sequence walking in infant Papio 
cynocephalus: implications for the evolution of diagonal sequence walking in 
primates. Am. J. Phys. Anthropol. 126, 205-213. 
Smith, R.J. & Jungers, W.L. (1997). Body mass in comparative primatology. J. Hum. 
Evol. 32, 523-559. 
Stevens, N.J. (2006). Stability, limb coordination and substrate type: The 
ecorelevance of gait sequence pattern in primates. J. Exp. Zool. 305, 953-963. 
Stevens, N.J. (2008). The effect of branch diameter on primate gait sequence 
pattern. Am. J. Primatol. 70, 356-362. 
Thorpe, S.K.S., Crompton, R.H. & Alexander, R.McN. (2007). Orangutans utilise 
compliant branches to lower the energetic cost of locomotion. Biol. Lett. 3, 253-256. 
Tuttle, R.H. & Watts, D.P. (1985). The positional behaviour and adaptive complexes 
of Pan gorilla. In Primate Morphophysiology, Locomotor Analyzes, and Human 
Bipedalism: 261-288. Kondo, S. (Ed.). Tokyo: University of Tokyo Press. 
Vielnsky, J.A. & Gankiewicz, E. (1989). Early development of locomotor behavior in 
vervet monkeys. Am. J. Primatol. 17, 11-25. 
 
